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We present the disaster-forced biological evolution model as a general framework that includes
Darwinian “phylogenic gradualism”, Eldredge-Gould’s “punctuated equilibrium”, mass extinctions, and
allopatric, parapatric, and sympatric speciation. It describes how reproductive isolation of organisms is
established through global disasters due to supernova encounters and local disasters due to radioactive
volcanic ash fall-outs by continental alkaline volcanism. Our new evolution model uniquely highlights
three major factors of disaster-forced speciation: enhanced mutation rate by higher natural radiation
level, smaller population size, and shrunken habitat size (i.e., isolation among the individual pop-
ulations). We developed a mathematical model describing speciation of a half-isolated group from a
parental group, taking into account the population size (Ne), immigration rate (m), and mutation rate (m).
The model gives a quantitative estimate of the speciation, which is consistent with the observations of
speciation speed. For example, the speciation takes at least 105 generations, if mutation rate is less than
103 per generation per individual. This result is consistent with the previous studies, in which m is
assumed to be 103e105. On the other hand, the speciation is much faster (less than 105 generations)
for the case that m is as large as 0.1 in parapatric conditions (m＜ m). Even a sympatric (m～ 1) speciation
can occur within 103 generations, if mutation rate is very high (m ～ 1 mutation per individual per
generation), and if Ne ＜ 20e30. Such a high mutation rate is possible during global disasters due to
supernova encounters and local disasters due to radioactive ash fall-outs. They raise natural radiation
level by a factor of 100e1000. Such rapid speciation events can also contribute to macro-evolution
during mass extinction events, such as observed during the Cambrian explosion of biodiversity. A
similar rapid speciation (though in a much smaller scale) also has been undergoing in cichlid ﬁshes and
great African apes in the last several tens of thousand years in the current African rift valley, including the
origin of humankind due to the radioactive ash fall-outs by continental alkaline volcanism.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Charles Darwin (1859) argued that species evolve gradually
through a large number of small changes by mutations, through
“natural selection”. Though paleontologists such as Cuvier (1831).
of Geosciences (Beijing)
Beijing) and Peking University. Proreported many examples of new species suddenly appearing in
fossil records, Darwin and his successors did not believe such
sudden appearances of new species; they thought that such ap-
pearances are not real but artifacts due to the difﬁculties of recon-
structing the emerging processes of new species due to imperfect
fossil records.
This idea of evolution, so called “phylogenic gradualism”, has
been challenged by many researchers. First, Simpson (1945) stud-
ied the evolution of fossil horses in the middle west of the North
American continent and found that their evolutional behavior was
not one-directional but rather a complex network. He also arguedduction and hosting by Elsevier B.V. All rights reserved.
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depending on periods and places. In order to explain apparent
changes in both speed and mode of biological evolution at a ﬁxed
point, Eldredge and Gould (1972) evaluated fossil records using the
accumulated descriptions over 100 years after Darwin (1859) and
recognized mass extinctions. They proposed a punctuated equi-
libriummodel of evolution of species against the traditional idea of
evolution. Though they postulated homeostasis or stability of
existing species, detailed and qualitative analyses unfortunately
have not yet been undertaken.
Dobzhansky (1937) stressed the importance of “reproductive
isolation mechanism” that prevents gene ﬂow among taxa. He
believed that the speciation requires the build-up of the repro-
ductive isolation, which led to the biological species concept:
“identiﬁed species as grouped of interbreeding populations that are
reproductively isolated from other groups” (Mayr, 1942). We
adopted this biological-species concept in the present paper, so that
speciation is nearly equal to the establishment of reproductive
isolation.
Speciation rate through the history of the Earth is found to be
correlated to mass extinction events, discovered by Raup and
Sepkoski (1982), who compiled the fossil data and applied statis-
tical methods to them. Sepkoski (1998) estimated global speciation
rate on the Earth during the last 488 Ma, ﬁnding it to ﬂuctuate at
times. More recently, Bambach (2006) incorporated more mass-
extinction information into the calculations. There are two peaks,
followed by exponential decreases in the Cambrian Period and the
post P/T mass extinction event. Moreover, eight or more mass ex-
tinctions are recorded prior to the Cambrian explosion at ca.
500 Ma, i.e., from Cryogenian to Cambrian through Ediacaran time
(Shu, 2008), though it needs to be veriﬁed in locations other than
China. Importance of the Ediacaran/Cambrian was pointed out by
Gould (1989), who argued that all the extant animal phyla or the
crown group of metazoan appeared in only 70 Myr, during the so-
called Cambrian explosion, while any new phyla have not appeared
until present-day, or for more than 500 Myr. Recent works by Shu
(2008) and Shu et al. (2014) suggested that the explosion took place
in a much shorter period, within 20 Myrs (540e520 Ma).
The speed of speciation of a population is believed to be related
to four parameters: (1) the population size, (2) the degree of
isolation, (3) mutation rate, and (4) the strength of selection. Firstly,
many researchers believe that a more rapid evolution would occur
in a larger population, since the total number of mutations in the
group in a ﬁxed time spanwould be greater for a larger population.
In contrast, Mayr (1942, 1947, 1954) and his followers stressed the
striking difference between the parental population and many
peripherally isolated founder populations and species. This evi-
dence was supported by the ﬁndings of Carson (1970) on incipient
species and neospecies of Drosophila in Hawaii. Ohno (1970) also
pointed out that evolutional speed is inversely proportional to the
effective number, Ne, of the population that effectively exchange
genome with each other; in fact, neutral mutation theory actually
predicts that the evolutional timescale is inversely proportional to
Ne, if the time of ﬁxation of the mutation in the group is taken into
account, particularly in the case of 4Nem ＞ 1 (Kimura and Ohta,
1969; Kimura, 1970; Narain, 1970), where m is the mutation rate
per individual per generation.
Second, the degree of isolation of the population strongly in-
ﬂuences the speciation process in a parapatric situation. Since the
immigrants will supply the ancestral alle to the population, the
genomic distance to the parental population remains relatively
short due to immigration. Kimura and Weiss (1964) developed the
stepping-stone model to investigate the effect of migration on the
local differentiation of geographical barriers among the half-
isolated habitats; they found that the immigration rate must besmaller than themutation rate in order to accumulatemutation in a
population.
Third, the mutation rate also inﬂuences the speed of evolution
and speciation rate. Though researchers of evolution generally as-
sume the mutation rate to be constant thus far, it may change by a
signiﬁcant factor depending on the time, place, and exposure to
extraordinary environmental conditions. Encounters with super-
nova remnants (SNR), for example, can enhance the cosmic-ray ﬂux
by a factor of 100e1000 on the surface of Earth (Kataoka et al.,
2013). Another signiﬁcant example unfolded here are volcanic
ashes from the eruptions of continental alkaline magma, which are
sometimes highly enriched in radioactive elements such as 40K,
235U, and 232Th. A series of eruptions can discharge radioactivity of
1016e1018 Bq, which is comparable to that of the 1986 and 2011
nuclear power plant accidents of Chernobyl, Russia, and Fukushima
Daiichi, Japan, respectively. In both examples, the enhanced levels
of radiation dosage cause genome instability, which is accumulated
across generations probably through epigenetic effects (e.g.
Dubrova, 2006; Ryabokon and Goncharova, 2006; Aghajanyan
et al., 2011).
Finally, the strength of natural selection is an important factor of
evolution. In fact, Kimura (1957) found that the ﬁxation probability
of a mutation is strongly enhanced if it has a selective advantage in
the local environment, including few advantageous mutations
which may lead rapid morphological changes. It is, however, un-
certain that the strength of selection enhances the speed of speci-
ation (or establishment of reproductive isolation) in a realistic
situation, since most of mutants are deleterious, whereas an ad-
vantageous one is quite rare in general.
Going beyond Charles Darwin and present-day perspective of
biological evolution, we present a new disaster-forced biological
evolution model, including how it addresses speciation perturba-
tion on Earth. We construct a simple mathematical model of ge-
netic divergence of a small peripheral group taking into account a
ﬁnite population size, immigration, and mutation. We also assume
that most of the mutations are neutral and advantageous mutation
is rare.
We ﬁnd that the new model explains a variation in the evolu-
tional speed or speciation rate in time and place through cata-
strophic environmental changes. The evolution of the species is
accelerated by environmental disasters in which the decrease in
population size, the shrinkage of habitats of species, and the in-
crease in mutation rate simultaneously take place through global
environmental disasters. Here, two prime disaster-forced, specia-
tion events are unfolded: supernova encounters and radioactive
ash fall-outs by the rift-controlled volcanic eruptions of continental
alkalinemagmas.We found that speciation can bewell explained in
terms of a bifurcation employing the catastrophe theory originated
through the works of the French mathematician René Frédéric
Thom in 1960 (e.g. Zeeman, 1976).
The aim of the present paper is to give a theoretical framework
of the biological evolution to promote quantitative studies and
discussions, based on the disaster-forced evolution model. In Sec-
tion 2, we present a simplemodel of the speciation of a half-isolated
group from a parental group, taking into account the population
size, the degree of isolation, and themutation rate. Next, we discuss
an environmental disaster caused by a supernova-remnant
encounter in Section 3, and by a local disaster triggered by radio-
active ash fall-outs from volcanic eruptions of continental alkaline
magmas in Section 4, which includes comparing present-day
speciation records with past speciation records along a rift zone.
In the ﬁnal section, we summarize our results and propose
comprehensive studies of a rift zone and a nuclear power plant both
inﬂuenced by high dosages of radiation to collect evidences of the
disaster-forced evolution model.
Figure 1. The ﬁxation efﬁciency k ¼ ku þ ka of a mutation are given for various xs* as a
function of S ¼ sNe, where ku is the ﬁxation efﬁciency of the underdominant mutation
with hybrid viability of 1es and ka is that of the advantageous mutation with the
advantage of 1 þ s*. Here, x is the probability for an advantageous mutation.
Figure 2. Function f(k) ¼ k(1es)k is plotted against various values of s, with maximum:
fmax ¼ 1/{eln(1s)} at k ¼ kmax ¼ 1/{ln(1es)}.
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2.1. Mathematical model
We consider a ﬁnite population of sexual diploid organismswith
non-overlapping generations with an effective number of Ne. We
consider a peripheral group receiving immigrants from a parental
group. All the immigrants are homozygous and have a ﬁxed
ancestral genotype. Mutation supplies new genes to the group,
some of which may be ﬁxed with the probability of k/2 Ne, where
k¼ku þ ka is the ﬁxation efﬁciency of mutations. The ﬁxation efﬁ-
ciency ku of underdominant mutations with the hybrid viability of
1es, is estimated as:
ku ¼ 2ﬃﬃﬃ
p
p e
s ﬃﬃﬃSp
erf
 ﬃﬃﬃ
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p
p es
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where S ¼ Nes and erf(x) is the error function (Lande, 1979; Nei,
1987). Here, we assume that most of the mutations are neutral
(Gavrilets, 2004). On the other hand, the ﬁxation probability ka of
advantageousmutations with an advantage of 1þ s* is estimated as
(Haldane, 1927; Nei, 1987):
ka ¼ 2xs* (2)
where, x is the probability of advantageous mutations.
Immigration brings parental genes which, if ﬁxed, will
decrease genetic distance of the group from the ancestral state.
The degree of the reproductive isolation depends on the extent of
genetic divergence at these loci. Let k be the genetic distance
between the two groups, i.e., the number of loci different from
the parental group. The probability that two individuals are able
to mate and produce viable and fertile offspring w(k) is assumed
to be a non-increasing function of k, such that w(0) ¼ 1 and
1＞ w(k)＞ 0 for k＞ 0 and w(k)＜ O(k1) for k/N. This implies
that individuals with identical genotypes at the loci under
consideration are completely compatible, whereas individuals
that differ at a larger number of loci are more incompatible with
each other, i.e., more reproductively isolated. It may also repre-
sent the inﬂuence of genetic barrier on gene ﬂow in w(k) (e.g.
Navarro and Barton, 2003) and prezygotic (both pre-mating and
post-mating isolation barriers), as well as postzygous isolation
barriers. As can be seen in Fig. 1, ku dominates over ka for
S ¼ sNe ＜ 15 in the case of xs*¼10-6.
The temporal change in k in the population is represented by the
equation:
dk
dt
¼ k

mm
2
kwðkÞ

(3)
where t is the time in the unit of generations, m is the mutation
rate per generation per individuals, and m is the immigration rate
per generation per individuals. The shape of w(k) is highly un-
known and would be completely different case by case. In the
present paper, we assume w(k)¼(1s)k (0 ＜ s ＜ 1), according to
Walsh (1982), for simplicity to lead general tendency of the
speciation. In fact, our conclusion is robust and nearly indepen-
dent to the detailed shape of w(k). In such a case, the Eq. (3) can be
rewritten as:
2
mk
dk
dt
¼ a f ðkÞ (4)
where a ¼ 2m/m. Here, f(k) ¼ k(1s)k has the maximum of fmax ¼ 1/
{eln(1s)} at k ¼ kmax ¼ 1/{ln(1s)} (Fig. 2). In the region above
the solid curve (speciation region) in Fig. 2, k always increases,while k decreases below the curve (fusion region). The behavior of
the solution of Eq. (4) is divided into the following two cases:
(1) a＜ fmax
There are two solutions, k1 and k2 (k1＜k2) that satisfy dk/dt ¼ 0,
with the former being stable and latter unstable. It takes a much
greater time than the typical time scale of accumulated mutation
(1/m) before considerable reproductive isolation is built-up by the
genetic drift caused by a ﬁnite population (Gavrilets, 2000), since it
has to overcome a peak around k ¼ 2e5. Gavrilets (2000) studied a
similar system for other functional forms of w(k) (i.e., a step func-
tion and a linear function), with the behavior of the solution more
or less consistent with the solution of this study.
(2) a＞ fmax
There are no solutions in this region that satisfy dk/dt ¼ 0, and
dk/dt always positive beyond the fmax. If a is large enough, the
second term of the Eq. (4) is negligible, so that k increases as k¼ t/s.
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bifurcation behavior is well described by the fold catastrophe of the
catastrophe theory developed by René Frédéric Thom (e.g. Zeeman,
1976). It may help explain the stability/homeostasis of species
proposed by Eldredge and Gould (1972) regarding punctuated
equilibrium.Figure 4. In the region above the solid curve (speciation region), k always increases,
while it decreases in the region below (refusion region). When a disaster starts,
a ¼ 2m/m increases, since m increases because of the enhanced natural radiation level
and/or m decreases because of the shrink of their habitats. The peripheral group fol-
lows the stable solution k1, until a reaches fmax. When it becomes larger than fmax, the
stable solution vanishes and a runaway increase in k starts in the speciation region (the
region above the solid curve). When the disaster ﬁnishes, a decreases down to a*,
when k reaches k*, there are two cases depending on whether a* is larger than f(k*), or
less.2.2. Disaster-forced speciation
The parameters of the model change by a signiﬁcant factor
during an environmental disaster. First of all, the population dras-
tically reduces in general because of the unfavorable environmental
changes during a disaster, so that the effective population, Ne, de-
creases down to 10e100, in particular, in the peripheral regions of
their habitat. Second, the immigration rate, m, also decreases by a
large factor, because of the reduction of their habitat (Fig. 3).
Furthermore, mutation rate becomes also higher by a much larger
factor, since the two global disasters unfolded here, nebula
encounter and local disasters by the radioactive element-enriched
ash fall-outs from the eruptions of continental alkaline magma,
raise natural radiation levels by a large factor (see the following
sections).
Therefore, a disaster helps the peripheral group to bypass the
peak in the curve of f(k) and achieve a rapid speciation, since both a
and S become large. The following scenario can be considered:
(1) As a increases, k increases following the stable solution k1
(Fig. 4). When a becomes larger than fmax, the stable solution,
k1, disappears as described above and a runaway increase in k
initiates in the speciation region (above the solid curve of
Fig. 4).
(2) After 2kmax/mk generation, k increases to k¼ k*＞ kmax. When a
decreases down to a*, the following two cases are observed:
(A) If a* ¼ a*1＞ f(k*) After the disaster, then the population re-
mains in the speciation region, so that k continues to increase
leading to a complete speciation in which the hybrid be-
tween the parental group and the peripheral groupwill have
complete sterility because of a very large k for t»2kmax/mk.Figure 3. Schematic diagram showing a disaster-forced change, including a reduction in th
peripheral region of their habitat become more isolated (yellow), even endangered (red).(B) If a* ¼ a*2＜f(k*), then the population transitions back into
the fusion region, where k always decreases. The population
eventually settles down to the stable solution, k1 and back
to subspecies, which can interbreedwith themember of the
ancestral central group.
In conclusion, the following two conditions must be satisﬁed for
the establishment of reproductive isolation (RI) by a disaster:e total number and size of individual habitats. Note that small sub-populations in the
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Figure 5. Conditions necessary to establish reproductive isolation (RI) are shown for
the case where s ¼ 0.2 and xs* ¼ 106 in mS plane. The peripheral group can establish
reproductive isolation (RI) against a parental group within 105 generations, if m is as
large as 101, Ne ＜ 37 and m ＜ m ～ 0.1 (parapatric). For the case where m ＜ 103, RI
takes more than 105 generations, unless Ne ＜ 10 and m ＜ m ～ 103 (allopatric).
During a disaster (gray), the population decreases down to less than 30 and mutation
rate raises up to 0.1 mutation per individual per generation. Even sympatric (m ～ 1)
speciation without geological nor environmental isolations can take place when m～ 1
within 1000 generations (see text).
Table 1
Three regimes of speciation in terms of m and m.
Regimes m (individual1 generation1) m(individual1 generation1)
Sympatric 101e100 ＞m
Parapatric 103e101 ＞m
Allopatric <103 ＞m
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Figure 6. Similar to Fig. 5 but where xs* ¼ 102.
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(2) m＞ m2～ 2kmax/ks
Here, s is the duration of the disaster. The former condition is
rather trivial; in other words, the mutation rate must overcome the
immigration rate. The later condition means that the number of
mutations ﬁxed in the group, kms, must be larger than kmax, which
gives the peak value of the function f(k). Here, we adopted s ¼ 0.2
(kmax y 4.5 and fmax y 2.4). Coyne and Orr (2004) compiled a
number of genes that contribute to the postzygous reproductive
isolation between closest species and found they are distributed
around 5e10. This is roughly consistent to our choice of s ¼ 0.2,
since they give only upper limits of the number of the mutations
necessary for reproductive isolation.
As can be seen in Fig. 5, the speciation does not occur within 105
generations, if mutation rate is less than 103. This result is
consistent with the previous studies, in which m is assumed to be
103e105 per generation per individual (e.g., Nei and Maruyama,
1983). The speciation data representative of the present or near-
present Earth (in the Quaternary period) indicates that a hybridi-
zation zone is formed among most of the habitats of the taxa.
Mallet (2005) surveyed the hybridization among species in natural
conditions and found that at least 25% of plant species and 10% of
animal species are involved in hybridization with other species;
many of them are the youngest species forming in less than a
million years. These incomplete speciation or reproductive isola-
tion can be explained by the lower mutation rate in the present
Earth (less than 103e105 per mutation per individual per gen-
eration), consistent with the diversiﬁcation period estimated in the
most of the cases, which take 1e10 Myr (Coyne and Orr, 2004). For
the case where m＜103, an almost complete allopatric condition
(m ＜ m ＜ 103) has to be maintained for at least 105 generations
(Table 1).
On the other hand, the speciation is much faster for the case
where m is as large as 0.1 (Fig. 5). Such a high mutation rate is
possible for a natural radiation level, enhanced by a factor of
100e1000 for the disaster forced speciation events unfolded hererelated to supernova encounters and radioactive ash fall-outs from
the eruption of rift-controlled continental alkaline volcanism
inﬂuencing environmental conditions at global to regional scales,
respectively. Rapid speciation events are observed to have occurred
for cichlid ﬁshes and great African apes during the last several tens
of thousands years in the current geologic setting of the east African
Rift Valley, with the same setting probably undergoing forcing in
the Ediacaran/Cambrian, as detailed in the next section. Even
sympatric (m ～ 1) speciation can take place within one thousand
generations, if mutation rate, m, is very large (as～1 per individual
per generation) and Ne ＜ 20 (Fig. 5 and Table 1).
The effects of natural selection are always minor at Ne＜ 25. In
fact, they are signiﬁcant only at Ne＞ 70 if xs*¼ 106, as can be seen
in Fig. 5 and Ne＞ 25, if xs* ¼ 102 (Fig. 6). The speciation through
advantageous mutation only takes place during normal conditions
(105＜ m＜ 103) only when xs* is as large as 102, though it takes
a relatively long time, corresponding to 106e8 generations.
2.3. Genome instability
The enhanced level of radiation dose causes genome instability,
which is accumulated across generations through epigenetic effects
(for a comprehensive review, see Dubrova (2006)). The exposure to
the high ionizing radiation triggers genome instability (Dubrova,
2006). In fact, Baker et al. (1996) studied small rodents living in
heavily contaminated regions around the Chernobyl nuclear power
plant, ﬁnding that their genome is signiﬁcantly unstable compared
to those in normal regions. This phenotype of genome instability is
transformed to their offspring of several generations probably
through epigenetic mechanisms (Ilnytskyy and Kovalchuk, 2011).
Aghajanyan et al. (2011) analyzed the peripheral blood lympho-
cytes in children born after the Chernobyl Nuclear Power Plant
disaster during the period 1987 e 2004 (permanent residents were
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of 135e688 kBq/m2, n ¼ 92, and the children of irradiated
fatherseliquidators, n¼ 88: the average effective dose of 231mSv for
twoweeks to sixmonths). They revealed that aberrant cells (ACs) and
aberrations of the chromosomal type (about two aberrations per
100 cells) are about two times more frequent than the control.
Furthermore, Ryabokon and Goncharova (2006) investigated
the bank vole (Clethrionomys glareolus, Schreber), which were
chronically exposed to low doses of ionizing radiation
(10e300 mGy/day) over 22 animal generations within 10 years
following the Chernobyl accident, ﬁnding permanently elevated
levels of chromosome aberrations and an increasing frequency of
embryonic lethality having developed over 22 animal generations.
In addition, gravid females, which were captured, and their
offspring, born and grown to adulthood under contamination-free
laboratory conditions, showed the same enhanced level of chro-
mosome aberrations.
These results suggest that a chronic low-dose-rate exposure
triggers genome instability. Although the observed aberration rate
is as low as 2e5 aberrations per 100 cells (several times higher than
the control), the trans-generationally accumulated effects of the
radiation is likely to lead to much a higher mutation rate, such as
0.1e1 mutation in a gamete.
3. Global disaster by supernova-remnant encounters
3.1. Supernova-remnant encounter
An encounter with a supernova remnant in the Milky Way Gal-
axy has been proposed to result in a global disaster on the Earth
includingmass extinction (Kataoka et al., 2013; 2014). A star heavier
than eight solar masses terminates its life through a catastrophic
explosion called as the supernova explosion. The blast of the ex-
plosion wave produces a shell structure across 10e30 pc, as well as
accelerates charged particles by a Fermi-accelerationmechanism to
produce galactic cosmic rays with energies greater than 10 GeV per
nucleon (the super-GeV component). Although the solar system is
currently located in the structure called super bubble, across 200 pc,
which is an amalgamofmany veryold supernova remnants, theﬂux
of galactic cosmic rays is not so high compared to the normal
interstellar medium, since they have already lost their ability to
accelerate and conﬁne high-energy-charged particles. On the other
hand, when the solar system encounters the young supernova
remnant less than 10e30 pc, the GCR ﬂux becomes 100e1000 times
higher, with disastrous consequences on the Earth’s environment,
as described later in this section.
The Earth is protected from hazardous external factors by three
shields: the heliosphere boundary, the magnetosphere, and the
ozone layer. They are likely to be damaged during a supernova-
remnant encounter. Fig. 7 shows the Earth’s environment during
an encounter with a supernova remnant, highlighting the helio-
sphere shrinking to around the Earth’s orbit (breakdown of the ﬁrst
shield). The cosmic rays of both the super- and sub-GeV compo-
nents increase by a large factor (100e1000 times), leading to a
disruption of the magnetosphere (breakdown of the second shield).
The duration of the encounters are 103 to 104 years depending on
the supernova distance and the surrounding gas density. The
increased cosmic ray ﬂux also depletes the ozone layer through the
production of NOx, leading to an enhanced UV-B (315e280 nm)
intensity (breakdown of the third shield). During a supernova
encounter, enhanced cosmic ray ﬂux and radiation dose leads to
genome instability of the organisms at the surface of the Earth.
The inﬂuence of a supernova encounter to the Earth’s environ-
ment is summarized in Fig. 8. First, the maximum negative radia-
tive forcing due to the increased sub-GeV and super-GeV cosmicrays is approximately 20 W m2 for several thousand years and
well exceeds the snowball forcing of 14 W m2. Second, the dose
rate at the ground reaches 1 Sv yr1, which has a signiﬁcant effect
on the biological systems via the genome instability. Third, the
increased cosmic ray ﬂux depletes the ozone layer through the
production of NOx, leading to an enhanced UV-B intensity. The
reduction of primary production due to this enhanced UV-B radi-
ation, together with global cooling, causes a catastrophic turnover
of the ecosystem at the surface of the Earth during a supernova
encounter, similar to the effect caused by the encounter with a dark
cloud.
A supernova-remnant encounter satisﬁes the conditions to
establish reproductive isolation (Fig. 8). For example, the radiation
dose becomes 0.1e1 Sy yr1,which is high enough to induce genome
instability in the organism living in the near-surface environment of
the Earth, so that the mutation rate is likely to be as high as 0.1e1.0
mutations/generation/individual. The duration of the supernova
explosion,which is as long as (1e10) kyrs depending on the distance
to the exploded stars, corresponds to 103e105 generations, if taking
into account a maturity period of 0.3e10 years.
4. Local disaster by radioactive ash fall-outs from the
eruptions of continental alkaline volcanism
The strongly alkaline rocks speciﬁcally carbonatite and/or
kimberlite often yield U- and Th-enriched minerals such as apatite,
pyrochlore with UO2 up to 25% and monazite. These rocks never
appear in the oceanic regions and restricted to rifts in continents
such as modern African rift valley (Fig. 9) and
ProterozoicePhanerozoic continental hotspots, rifts and aulac-
ogens. The youngest example is shown in Fig. 9 where 41 localities
of carbonatites are present in relation to rift faults along the African
rift valleys (Mitchell and Garson, 1981).
The reasons why those strongly alkaline rocks appear only in the
continental rifts, speciﬁcally cratonic continental lithosphere
where underlying mantle is enriched in volatile components such
as CO2, and in large ion lithophile elements such as U, K, Th, Zr, and
REE in addition to P and Ca. If plumes are generated in deepmantle,
partial melting of rising plumes would form extremely gaseous
magma enriched in CO2 and H2O and large ion lithophile elements
such as U, K, and Th. The oceanic mantle is replaced by much
younger and deeper mantle after the continental rifting and ocean-
ﬂoor spreading, releasing those volatile components during the
initial continental adrifts. This is the reasonwhy the radioactive ash
fall-outs, just like that of atomic bomb explosions, take place only in
the continental rifts.
4.1. Continental alkaline volcanism in rift zones
A major zone of weakness in the continental crust, such as the
African Rift Valley, is characterized by the emplacement of conti-
nental alkaline magma (Kinnaird and Bowden 1987). They are
strongly alkaline magmas that consist of SiO2-poor alkaline min-
erals such as carbonate minerals, including nepheline riebeckite.
For example, they may comprise lamproite, kimberlite, ijolite, and
occasionally diamond (Pecora, 1956; Bailey, 1964; Le Bass, 1987;
Bell and Simonetti, 1996). This type of magma is formed by the
partial melt of carbonate-bearing mantle peridotite. They are
formed from the residual liquids, extremely enriched in incom-
patible elements, U, K, Th, Zr, and REE in addition to P and Ca.
For example, monazite, the popular mineral created from car-
bonatite magma, one type of the continental alkaline magma, is
made from the light rare-earth elements and phosphate [A(PO4),
A ¼ La, Ce, Pr, Nd, Pm, Sm, Eu]. It is capable of incorporation of
signiﬁcant uranium and thorium (Boatner and Sales, 1988; Houk,
Figure 7. (a) Schematic pictures of the heliosphere (yellow) during an encounter with a supernova remnant (pink). (b) The heliosphere shrinks to the Earth’s orbit (breakdown of
the ﬁrst shield), where the gas pressure of the supernova remnant balances the solar wind pressure. (c) The cosmic ray ﬂux increases by a large factor through the production of NOx
in the stratosphere, which ultimately destroys the ozone layer (destruction of the third shield); the UV-B radiation can then penetrate the Earth’s surface. Super-GeV cosmic rays
enhance cloud formation. These three factors result in reduced signiﬁcant reduction of photosynthesis, which leads to food and oxygen starvation in the biosphere, in other words, a
disaster at global scale (taken from Kataoka et al., 2013a).
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Figure 8. Time proﬁles of the encounter with a supernova remnant that exploded at a distance of 10 pc and with an interstellar gas density of 0.5 H cm3, including: (a) pressure of
the post-shocked gas of the supernova remnant; (b) negative radiative forcing (total solid curve), cloud albedo due to cosmic rays (dashed line), NO2 effect (dash-dot), cosmic-dust
effect (dash-dot-dot), and snowball forcing of 14 W m2 (dotted line); (c) cosmic ray energy density; (d) radiation dose rate at the ground; and (e) UV-B intensity (taken from
Kataoka et al., 2013).
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extraction of thorium and has been used as a secondary source of
uranium (Boatner, 2002). Since radioactivity of natural uranium
and thorium are 1.7  108 Bq kg1 and 4.4  107 Bq kg1 respec-
tively, the radioactivity of monazitewith about 10% of uranium and/
or thorium is as high as 105 Bq kg1, at least (UNSCEAR, 2008
report). Moreover, it will concentrate in alluvial sands when
released by weathering of the parent rock system, because of its
high density [(4.6e5.7)  103 kg m3]. The anomalously high nat-
ural radioactivity level is often attributed to monazite. For example,
a radioactivity higher than 100mGy/year was recorded in an area of
Minas Gerais, Brazil (Cullen, 1975), where many continental alka-
line deposits can be found; In fact, the largest niobium mine in theworld, Araxa, is located in this region. These mines are the rem-
nants of the continental alkaline volcanoes, which exploded in the
rift valley in the geological past.
A radioactive ash fall-out from the eruption of a continental
alkaline volcano leads a local disaster in nearby areas, if it is
enriched in U, K, and Th. The volcanic ash fall-out reaches several
meters and the eruption of magmas totally destroys the forests and
grasslands within several hundred kilometers from the volcanic
center. Continental alkaline volcanism forms a special geological
structure called a carbonatite complex, which is paid special
attention since it includes ores of rare earth elements, such as
titanium or niobium. The vent structure consists of a plug and dikes
of alkali-rich rocks, which extend several km in length. Such
Figure 9. Distribution of carbonatites in relation to the rift fault system in eastern Africa (Mitchell and Garson, 1981). African rift system is developed from NE tip of triple junction
of ridge-ridge-rift to SW-wards in African continent (see an inset diagram on the right). Number with dot means locality of carbonatite after Mitchell and Garson (1981). Also note
the failed rift Benue trough is still active in Cameroon which has been originated during the Cretaceous rifting to separate Africa from S. America. The African Rift Valley, Lake
Victoria, “the Darwin’s Garden, Serengeti National Park, and the Olduvai Gorge, the birthplace of human beings are located among the east and west branches of the rift zone. Two
closest relative species, Chimpanzees (http://maps.iucnredlist.org/map.html?id¼15933) and Gorillas (http://maps.iucnredlist.org/map.html?id¼39994), live in the Rift zone
(Fig. 10).
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the end of the Jurassic period are seen in the exposed granitic roof
zones of the Nigerian subvolcanic centers. They are located in the
north-west of the Benue rift zone (Fig. 9) formed during early
separation of Africa from South America in Cretaceous period. This
area is one of the evolutional hot spot at the present time, as dis-
cussed in section 4.2.1. Bowden et al. (1981) studied those alkaline
granites and found that they are actually rich in uranium and
thorium. For example, arfvedsonite albite granites from Ririwai
have w100 ppm for uranium and w200 ppm for thorium and its
radioactivity reachesw2.6 104 Bq kg1, though the amount of the
radioactivity is highly different samples to samples. Bowden et al.
(1981) also suggested that these volcanoes are the source of the
uranium-rich alkaline ignimbrites that once covered across the
west-central Africa area around Niger and Cameroon. Although
these ignimbrites currently has a radioactivity of 2  103 Bq kg1,
they might have much higher radioactivity since they show a sign
that a considerable uranium was lost as sodium-uranyl complex.
The lost component later migrated to form super uranium-rich
sediments or uranium ores by rock-ﬂuid interaction and leaching
of uranium.
The discharge of the radioactivity, R, through eruptions of vol-
canic ash can be calculated as:R ¼ 2 1019 Bq

r
5 103 kgm3

E
100 km3

r
104 Bqkg1

where r is the rock density, E is the accumulated ejected mass of
volcanic ash, and r is the radioactivity per unit weight. Since this
amount of ejected radioactivity is one order of magnitudes larger
than those of 1986 and 2011 nuclear power plant accidents of
Chernobyl, Russia (1.85  1018 Bq; IAEA, 2006) and Fukushima
Daiichi, Japan (6.3 1017 Bq; INPO, 2011) respectively, the radiation
dose of animals and plants through air, food, and water contami-
nation would be as high as several Sv yr1, when they occurred.
According to LaMeve data base (Crosweller et al., 2012) on the large
magnitude explosive volcanic eruptions, 24 eruptions with
E > 100 km3 took place in the last 500,000 years, as shown in
Table 2. One of them is the eruption of O’a Caldera at 240,000 BP
with 120 km3 DRE. The volcano is located in the Ethiopian volcanic
area, a part of African Rift Valley (Fig. 9). The internal radiation dose
due to the air, food, and water contaminations cause genome
instability, resulting in an enhanced mutation rate, which leads to
the duplication of genes and the modiﬁcation of gene expression in
animals and plants around the volcano. This accelerates the speed
of diversiﬁcation of new species and the buildup of their repro-
ductive isolation as seen in the previous section.
Table 2
The list of volcanic eruption events with the dense rock equivalent (DRE) larger than
100 km3 in the last 500,000 years.
Volcano name Region Volcano type Year BP Bulk DRE
volume
Humeros, Los Mexico Caldera(s) 460,000 115
Maipo Argentina/Chile Caldera(s) 450,000 153
Diky Greben Kamchatka Lava dome(s) 443,000 113
Maroa New Zealand Caldera(s) 335,000 650
Maroa New Zealand Caldera(s) 325,000 500
Vulsini Italy Caldera(s) 300,000 200
Okataina New Zealand Lava dome(s) 280,000 150
Kapenga New Zealand Caldera(s) 275,000 100
Kapenga New Zealand Caldera(s) 270,000 100
O’a Caldera Ethiopia Caldera(s) 240,000 120
Reporoa New Zealand Caldera(s) 230,000 200
Rotorua New Zealand Caldera(s) 230,000 145
Ata Caldera Japan Caldera(s) 108,000 146
Aso Japan Caldera(s) 87,000 200
Atitlan Guatemala Stratovolcano(es) 84,000 275
Toba Indonesia Caldera(s) 74,000 2750
Okataina New Zealand Lava dome(s) 61,000 100
Maninjau Indonesia Caldera(s) 52,000 175
Campi Flegrei Italy Caldera(s) 39,300 158
Gorely Kamchatka Caldera(s) 38,981 100
Sakura-jima Japan Stratovolcano(es) 28,000 198
Taupo New Zealand Caldera(s) 27,100 530
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form of apatite (calcium phosphate). Phosphate is one of the
essential materials for life and, most frequently, be a limiting factor
of plant growth. Apatite in volcanic glass is easily weathered and
accumulated in the soil as phosphate ions. Accordingly, the soil
becomes rich in phosphate in the area where carbonatite/alkaline
volcanic activities are frequent. Accordingly, this area has enhanced
primary production because of the abundant phosphate as well as
elevated temperatures, when water supply is sufﬁcient. Abundant
food supply from a high primary production as a ‘carrot’ and a high
radiation as a ‘stick’ might be two necessary conditions for rapid
evolution.4.2. African Rift Valley: speciation hotspot
The African Rift Valley runs from the northeast part of the Af-
rican continent to southern Africa (Fig. 9). The rift systems connect
to a triple point, as well as the central ridge of the Red Sea and that
of the Bay of Aden. Here, African continent was torn in an east-west
direction by plate tectonics. This rift will evolve into a narrow
channel similar to the Red Sea in the near-term future, and sub-
sequently enlarge into an open sea like the Atlantic Ocean. Rift
formation starts from the ascension of a mantle plume at the base
of a continent to rift the land by 2e3 km. When the stress ﬁeld
turns to tension, the central part of the rift zone transforms into
basins. Several basins are horizontally connectedwith each other to
form numerous lakes and wetlands inside the narrow rift zone.
The African Rift Valley is characterized by numerous eruption
centers of continental alkaline volcanism initiating around 22 Ma
and continuing until present-day (Bailey, 1964). Ngorongoro
volcanic highland in the eastern branch of the African Rift Valley
records a typical example of such carbonatite/alkaline volcanism.
The 16-km-(north-south) by 19-km-(east-wet)-diameter Ngor-
ongoro crater is the largest among nine volcanoes in the highland
(Fig. 10). Several million years ago, it was a huge volcano with a
height and volume nearing 4000 m and 500 km3, respectively. Ol
Doinyo Lengai, located at the northern tip of the highland, is the
only active carbonatite volcano. It is a nearly symmetric strato-
volcano with a basal diameter, height, and volume nearing 12 km,2400 m (elevation 3000 m), and 60 km3, respectively (Dawson,
1989). Noteworthy, the Olduvai Gorge, the birthplace of the hu-
man beings, is located just west of Ngorongoro volcanic highland;
the water ﬂowing into the gorge sources from the highland
(Fig. 9).
Lake Victoria (Tanzania), which is located among the east and
west branches of the Rift Valley, is called the “Galapagos in Land” or
“Garden of Darwin,” since cichlid ﬁshes there evolved into several
hundred species during the last several hundred thousand years.
This speed of speciation is at least two orders of magnitude higher
than that recorded at other places, such as Galapagos or Hawaiian
islands (Seehausen, 2006). The Serengeti National Park, famous for
animals indigenous to Africa, is located 100 km to the east of Lake
Victoria inside the Rift Valley. A giraffe with a long neck, an
elephant with a long trunk, a lion with a mighty mane, and a
cheetah with the fastest gait, human-beings with a relatively huge
brain size, all of which still reside within the African Rift Valley, are
all likely to have originated from this carbonatite/alkaline-
inﬂuenced locality of Africa. For example, fossils of human beings
are much more prevalent than other parts of the world. Among
them, those older than one million years are only found inside of
African continent. Most of them are found in the African Rift Valley
and some tracing back 6e7Myr. Our closest relatives, Chimpanzees
and Gorillas are still living in thewestern part of Lake Victoria in the
Rift Valley (Fig. 9).
Although northern Africa now suffers from dry climate where
the water supply is severely limited, it was revealed to be mostly
covered by green foliage several thousand years ago through the
analysis of the distribution of pollen (Liutkus and Ashley, 2003;
Scholz et al., 2011). The environment of the African Rift Valley
cyclically changed back and forth from a rich grassland to a lush
forest with limited water supply (resulting in arid to semi-arid
conditions) to ample water supply, mainly controlled by the
Milankovitch cycle with a period of twenty thousand years.
The locality, which includes Olduvai Gorge and Lake Victoria, is
likely impacted from high levels of natural radioactivity due to past
carbonatite/alkaline eruptions. Even now, high concentrations of
226-radium (decay product of 235-uranium) have been observed
in the phosphate rock (5760  107 Bq kg1), waste rock
(4250  98 Bq kg1), wild leaf vegetation (650  11 Bq kg1), and
edible leaf vegetation (393  9 Bq kg1) nearby the Minjingu
phosphate mine in Tanzania (Fig. 10) (Banzi et al., 2000). The
phosphate rock is likely to include monazite sourcing from carbo-
natite volcanism in the Rift Valley.
4.2.1. Speciation burst in the African Great Lakes
The African Great Lakes are a series of lakes constituting the part
of the Rift Valley lakes in and around the East African Rift (Fig. 9).
They include Lake Victoria, the second largest fresh water lake in
theworld in terms of surface area, and Lake Tanganyika, theworld’s
second largest in volume as well as the second deepest.
The East African cichlid radiation is observed in the three Great
Lakes, Tanganyika, Malawi, and Victoria. Lake Tanganyika, the
oldest of the three lakes (basin age estimated to be between 9 and
12 million years old; Cohen et al., 1993) supports at least 197
endemic cichlids in 49 endemic genera. These genera can be
grouped into 12 separate tribes that are thought to have diverged
from seven distinct ancestral lineages (reviewed by Meyer, 1993).
Lake Tanganyika’s cichlids are morphologically and behaviorally
more diverse than the cichlids of Lakes Victoria and Malawi (Fryer
and Iles, 1972), however, the latter two lakes each possess a greater
number of cichlid species than Lake Tanganyika. Many closely
related cichlid produce viable and fertile hybrids in the laboratory,
but do not hybridize in nature (Crapon de Caprona and Fritzsch,
1984; Parker and Kornﬁeld, 1997).
Table 3
Endemic cichlid diversity in African lakes (Coyne and Orr, 2004).
Lake Area
(km2)
Endemic
cichlid
species
Age of lake
(Myr)
Age of ﬂock
(Myr)
Net diversiﬁcation
interval (Kyr)
Victoria 68,635 ～500 0.0146e0.75 0.0146e0.75 2.6e135
Malawi 29,604 659e1000 0.7e2 0.7e1.8 101e277
Tanganyika 32,893 170e250 5e12 5e12 764e1139
Nobugabo 29 5 0.004 0.004 <4
Barombi
Mbo
4 11 1 0.9 375
Berman 0.6 9 <2.5 0.5 <277
Figure 10. Olduvai Gorge and Ngorongoro Volcanic Highland. The water in which ﬂows into the gorge comes from the highland of carbonatite volcanoes.
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a result, lakes in this region experience frequent ﬂuctuations in lake
water levels and may be divided into many small fragments during
dry periods. For example, highly diminished Lake Victoria occurred
ca. 17,000 years before present (YBP), ﬁlling up again at 15,000 YBP
(Johnson et al., 1996). Such ﬂuctuating aqueous conditions implies
that the speciation of cichlid in Lake Victoria more or less ﬁnished
within several thousand years, corresponding tow105 generations,
since cichlids take three months to become sexually mature.
Although such a rapid diversiﬁcation is thought to be due to
vicariance through fragmentation of the lake into the small streams
and ponds, it is not enough to explain this especially rapid speci-
ation rate in the African lakes, since almost all the lakes and rivers
in the world also are impacted from a similar vicariance. Such can
be readily explained, on the other hand, if the mutation rate was as
high as 101e103 mutation per individual per generation due to
genome instability by a high natural radiation level caused by
multiple carbonatite/alkaline volcanism (Figs. 5 and 6) in the past
several thousand years.
Noteworthy, rapid speciation events have taken place sympat-
rically in small volcanic lakes (Barombi Mbo and Berman) in
Cameroon, central Africa (Schliewen et al., 1994; Table 3). They are
located at the ancient rift zone formed during the Cretaceous era
when Gondwana supercontinent fragmented into South American
and African continents. Since then, the volcanoes with associated
carbonatite/alkaline magmas are still active, and thus our new
disaster-forced speciation model may also apply to the Cameroon
volcanic zone. It would predict a reproductive isolation sympatri-
cally (mw 1) within one thousand generations if mutation rate m is
very large (as w1 per individual per generation) and Ne ＜ 20
(Fig. 5). Such an extremely high mutation rate might require a
heavy contamination of the basement soils and lake water causedby the emplacement of radioactive volcanic ashes sourced from
carbonatite/alkaline volcanism.
4.2.2. Origin of human beings
Olduvai Gorge area was a wetland in which the volcaniclastic
deposits from volcanoes in Ngorongoro highland accumulated
around 1.75Ma (Liutkus and Ashley, 2003) in the African Rift Valley.
The freshwater wetland was located on the margin of a semi-arid,
closed basin containing a playa lake. Waxy sediments are dense
claystones that contain authigenic minerals such as trona; the
claystones mark a ﬂuctuating saline, alkaline lake. Earthy sedi-
ments are friable siltstones that contain siliceous microfossils, bone
fragments, and minor pebbles; they point to a freshwater wetland.
Microfossils from the earthy sediments and diatomites indicate
freshwater marsh biota with some rare salt-tolerant species.
Sediments were likely to have become enriched in radioactive
isotopes which originated from the radioactive volcanic ashes from
the continental alkaline volcanoes; radioactive elements, ejected by
volcanoes, accumulated in the wetland, existed there for a long
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tropical semi-arid climate. The animals, which lived there,
including the hominin-ancestors, suffered from an internal radia-
tion dose through contamination of the food chain starting from
the soils and lake water to the food (leaves, grains, and fruit) grown
there. They were in a state of genome instability evoked by ionizing
radiation; the enhanced segmentation duplication and modiﬁca-
tion in gene expressions resulted in mutations in their genome to
evolve into Homo sapiens.
According to Purvis (1995) and Purvis et al. (1995), speciation
time of primate is about 2.9e14.2 Myr. The period of diversiﬁcation
among them must have been about 1 Myr and probably as short as
0.1 Myr, which corresponds to ～104 generations, assuming matu-
rity time of～10 yrs for Great African Apes. Such a rapid speciation
can only be accounted for by high mutation rate as shown in Fig. 5.
The ancestral group of hominins is likely to have been endangered
repeatedly and frequently because of volcanic eruptions and high
natural radiation levels in their living surroundings. The high mu-
tation rate due to genome instability by internal radiation dose, as
well as the limited populations and regional isolation, is one of the
reasons for the rapid evolution of hominins.
In fact, the genome instability may have led to a segmental
duplication (SD) burst. There is ample evidence that common an-
cestors of great African apes and hominins experienced an
enhanced rate of SDs in their past. The comparison of whole
genome among a human being, chimpanzee, and macaque monkey
reveals that an SD burst in the ancestor of a human being started
around 20 Ma (after the divergence of Macaque), took a maximum
of 4e10 fold around 8 Ma (divergence of Gorilla), and continues
until now (Johnson et al., 2006; Marques-Bonet et al., 2009a,b). This
SD burst seems to coincide well with the continental alkaline
volcanism (from 22 Ma to present-day) in the African Rift Valley,
where they lived and evolved.
Enhanced ionizing radiation also directly impacts the expres-
sion of genes. Fujimori et al. (2008) found that the expression of the
ASPM (Abnormal Spindle Microcephaly related) gene is suppressed
by a high dose of ionizing radiation. Thereby, embryos exposed to a
strong radiation tend to exhibit microcephaly. ASPM is the most
important gene that determines the size of a human brain; its ab-
normality results in cerebral mal-development to induce micro-
cephaly (Bond et al., 2002). The ASPM protein seems to play
important roles in the formation and stabilization of spindles
during the somatic mitosis. Abnormal ASPM protein prevents ce-
rebral cortex formation by hindering neuronal divisions, leaving
those of somatic cells normal. If hominin ancestors lived in the
high-radiation environment, their ASPM gene should have adapted
to be tolerant so as to avoid the risk of microcephaly despite higher
radiation. In such a situation, these mutations related to the brain
size increase may be so advantageous for their survival possibilities
as xs*w 102 and thus may lead to a rapid speciation within 1000
generations augmented by the enhanced mutation rate
(m w 0.1e1.0; Figs. 5 and 6) and the DNA mutations might have
been prevalent among our ancestors. Afterwards, when the ﬂux of
the natural radiation decreased by some reason (e.g., burial of high-
radiation volcanic materials by other types of rock materials by
wind and/or water), or when the ancestors moved to other local-
ities where normal radiation levels prevailed. Then, the ASPM gene
has been strongly over expressed in their embryos, leading to a
signiﬁcant expansion of the brain size.
5. The Cambrian explosion (mixed global and local disasters)
Importance of the Ediacaran/Cambrian were pointed by Gould
(1989), who has argued that all the extant animal phyla or the
crown group ofmetazoan appeared during this time, only in 70Myr(the so-called Cambrian explosion), with no new phyla appearing
since then for more than 500 Myr.
This remarkable speciation event can be understandable in
terms of multiple disasters, which took place both global and
locally on the Earth at that time almost simultaneously. As dis-
cussed by Kataoka et al. (2013, 2014), the Milky Way Galaxy, in
which our solar system is located, was in an intermediate recovery
phase from a starburst event (700e600 Ma). Due to the multiple
encounters with dark nebulae, the Snowball-Earth events under-
went on the earth in ca. 720 Ma (Starchan Glaciation) and ca.
635 Ma (Marinoan Glaciation). At the last stage of the starburst, the
supernova encounters became much more frequent, since almost
all the dark nebulae were evaporated by the energy input of the
supernova explosions.
Meantime, the break-up of the Rodinia super-continent initiated
through the ascension of the paciﬁc-ocean hot superplume, which
would subsequently produce the Paciﬁc Ocean. The rift zones at that
time included the South China, Australia, and the Laurentia cratons
(Fig. 13). The sediments accumulated in the saline alkaline lakes,
including LakeVictoria or Lake Tanganyika in the current AfricanRift
Valley or a half-closed narrow sea analogous to the current Red Sea.
Cloud (1948) ﬁrst pointed out that the Cambrian explosion
highlighted a sudden appearance of metazoans at the onset of the
Cambrian, and the majority of the living metazoan phyla appeared
in this period (Fig. 11). It has been recently revealed that the
Cambrian explosion was not a single event but a complex event,
composed of three distinct major phases: (1) Ediacaran fauna, (2)
small shelly fossils (SSFs), and (3) Chengjiang faunas (mega-fossils
such as ﬁrst ﬁsh) by the end of early Cambrian (Shu, 2008). Gould
(1989) emphasized that it was an extremely unique event
because there was no association to mass extinctions. On the
contrary, detailed analysis has revealed that the period from
635 Ma to the end Cambrian was a time when the frequency of
mass extinctions was at least ﬁve times higher than in the Phan-
erozoic (Zhu et al., 2007). For example, based on the compilation of
all existing paleontological descriptions of this period, Zhu et al.
(2007) recognized the presence of frequent mass extinctions such
as themass extinctions of large Acanthomorph Acritarchs (560Ma),
Ediacaran fossils (542 Ma), SSFs (523 Ma), and Archaeocyathids
(514 Ma). Moreover, based on the isotope curve of carbonate
deposited on the continental shelf in the late Neoproterozoic in the
S. China craton, which is related to mass extinctions, they have
further speculated that eight periods of mass extinctions were
present in the time span from 635 Ma to 488 Ma (Zhu et al., 2007),
observations of which are consistent with the recent chemostrati-
graphic studies of multiple drilled cores (Sawaki et al., 2010;
Ishikawa et al., 2013; Tahata et al., 2013). Bambach (2006) also
independently speculated the presence of more than four mass
extinctions in the Cambrian, and those being larger than the big ﬁve
events in post Ordovician mass extinctions (Fig. 11).
These multiple mass extinctions from the Ediacaran period
through the Cambrian period are likely to be caused by the joint
effects of global disasters due to nebula encounters (Kataoka et al.,
2013, 2014; Fig. 12) and local disasters due to the radioactive ash
fall-outs from the rift-controlled continental alkaline volcanism.
This higher frequency of mass extinctions during this time range
may explain the rapid evolution in the Cambrian period based on
the following two reasons. First, the natural radiation level is
100e1000 times higher at the surface of the Earth during super-
nova encounters and the radioactive ash fall-outs from the conti-
nental alkaline volcanism when compared to present-day. The
levels of radiation in the natural environment would have been
sufﬁciently high to trigger genome instability in biological organ-
isms (Dubrova, 2006), leading to a signiﬁcant increase in the fre-
quency of chromosomal rearrangement in the offspring
Figure 11. When the last snowball Earth glaciation (Marinoan glaciation) ﬁnished, the Ediacaran period began. (a) Since then, there were two local glaciations, Gaskier (582 Ma) and
Baikonur (542 Ma), and presumably numerous glaciations, but smaller in scale, were likely to have taken place in the Cambrian period, as seen in local parallel unconformity (see a
summary by Maruyama et al., in press). (b) Some glaciations are synchronized with the strong excursions in d13C carbonate deposited on the continental shelf in the S. China craton
(adapted from Zhu et al., 2007), which correspond to the mass extinction events, such as those of large Acanthomorph Acritarchs (560 Ma), of Ediacaran fossils (542 Ma), of SSFs
(523 Ma), and of Archaeocyathids (514 Ma), as indicated by the blue arrows (c). (d) A phylogenetic tree among the animal phyla is given by Peterson et al. (2004). The divergence
times are estimated by the genomic distances among the species. Note that they generally include considerable error (more than 10%). (e) Putative negative radiative forcing; the
Milky Way Galaxy was gradually returning back to the normal state after the starburst around 0.6 Ga through the intermediate state, where supernova remnants dominate in the
galactic disk. The encounters with the supernova remnants may drive environmental disaster leading to mass extinctions (as seen in section 3). The enhanced radiation triggers
genome instability in the biological organisms at the surface of the Earth, accelerating their evolution (After Kataoka et al., 2014).
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lution and adaptation of new species in the new environment
through creations of new genes by segmental or whole-genome
duplication (Ohno, 1970) and gene shufﬂing. In fact, as can be
seen in Fig. 11, the new phyla of metazoan branched just after the
mass extinction events. In fact, the lineage of vertebrate underwenttwo-round, whole-genome duplications, which gave them vast
freedom to try different body plans and metabolisms. These whole
genome-duplication events are likely to be related to the genome
instability perturbed by the encounters with supernova remnants.
For, example, type I and type II collagens which work as scaffolds in
apatite mineralization of mineralized cartilage, bones, and dentin
Figure 12. (a) The Sturtian (710e685 Ma) and Marinoan (660e635 Ma) were nearly complete snowball states, while Kaigas (770e730 Ma), Gaskier (582 Ma), and Baikonur
(542 Ma) were local glacial periods. (b) Putative external negative forcing from 0.8 Ga to the present. Milky Way Galaxy underwent a starburst in 0.8e0.6 Ga and then gradually
returned back to the normal state (0.4 Ga to present) through the intermediate state (0.8e0.4 Ga) in which many supernova took place (Kataoka et al., 2014).
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genome duplications, closely connected to Hox genes (Kawasaki
and Weiss, 2006). In addition to the whole genome duplication,
genes of collagens and secretary calcium-binding phosphor pro-
teins, which are both essential in biomineralization, underwent
frequent segmental duplication in a complex manner around Edi-
acaran/Cambrian boundary (Kawasaki et al., 2009). The instability
triggered by an increase in natural radiation through the ash fall-
outs from continental alkaline volcanoes may have contributed to
the creation of new genes through gene duplications (both
genome-wide and segmental), local disaster-forcing which
contributed to the explosive diversiﬁcation of the metazoans.
Furthermore, the super-saturation against calcium minerals in
the water environment may also contribute to the explosive
diversiﬁcation of metazoans. The water in lakes or narrow sea
became so abundant in phosphate and carbonate, and thus super-
saturated in calcium phosphate and carbonate. The volcanoes
frequently and repeatedly exploded to eject radioactive ash, which
is rich in both phosphate and carbonate, as well as radiogenic nu-
clides. In fact, many phosphate ores, originated from continental
alkaline volcanism are distributed in South China and Australia(Fig. 13). The super-saturation in carbonate and phosphate
contributed signiﬁcantly to the development of biomineralization,
which appeared in the Ediacaran period and explosively evolved in
the Cambrian period, eventually leading to the formation of
external and internal skeletons of animals, as well as the devel-
opment of collagens and secretary calcium-binding phosphor
proteins, as described above. In fact, a spiked increase in Cerium,
phosphate, and 37Sr/36Sr is identiﬁed around the Ediacaran/
Cambrian boundary (Komiya et al., 2008; Sawaki et al., 2010). This
spike is consistent with a sudden input of cerium and phosphate,
which are major components of monazite, due to carbonatite
volcanism in the rifting zone. A global sea regression also perturbed
the water contents.
6. Discussion and conclusions
We present the “disaster-forced speciation” model based on a
simple model of the speciation of a half-isolated group from a
parental group, taking into account the population size, the degree
of isolation, and the mutation rate. In the previous theory of
speciation, themutation rate is assumed to be constant and as small
Figure 13. The Three Gorge Area, South China, was in a rifting zone between Australia/East Antarctica and Laurentia/South American blocks in the Ediacaran/Cambrian and an
evolutional hotspot which harbored the Cambrian explosion. Fossils are discovered in phosphate rocks widely distributed in the South China and Australia cratons.
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during global and local disasters highlighted here, supernova-
remnant encounters and radioactive ash fall-outs from the conti-
nental alkaline volcanism, respectively.
We found that speciation can take place in the framework of the
neutral theory of evolution proposed by Kimura (1968, 1983), when
mutation rate is high enough. The natural selection turns out to be
not essential in speciation, though it is likely to be important in the
process of adaptive radiation of a few new species in their
respective environmental niches after their speciation. The dy-
namics of the speciation can be well explained in terms of a
bifurcation classiﬁed into the fold catastrophe (e.g. Zeeman, 1976)
employing the catastrophe theory originated from the works of
French mathematician René Frédéric Thom in 1960, and ultimately
forming the basis of our new speciation-forced biological evolution
model; i.e., rapid speciation due to environmental disasters caused
by nebulae encounters and the radioactive ash fall-outs from the
rift-controlled continental alkaline volcanism.
The new disaster-forced biological evolution model affords a
quantitative estimate of the speciation speed, which well ﬁts thebiological-, geological-, and paleontological-based observations on
the Earth. For example, the speciation does not occur within 105
generations, unlessNe is as small asunity, ifmutation rate is less than
103. This result is consistent with the previous studies, in which m
is assumed to be 103e105 per generation per individual (for
example, Nei andMaruyama,1983). Data of speciation in thepresent
or near present Earth (mainly in Quaternary period) has become
available. Most of the data indicates that the speciation (establish-
ment of reproductive isolation) and hybridization zone are formed
among the habitats of the taxa. Mallet (2005) surveyed the hybrid-
ization among species in a natural environment, ﬁnding that at least
25% of plant species and 10% of animal species, mostly the youngest
species of which evolved in less than million years, are involved in
hybridization and potential introgression with other species. These
incomplete speciation or isolation can be explained by the lower
mutation rate (less than 103e105 per mutation per individual per
generation), consistent with the diversiﬁcation period estimated in
most of the cases, which take 1e10 Myr (Coyne and Orr, 2004).
On the other hand, the speciation is much faster for the case
where m is as large as 0.1 (Figs. 5 and 6). Such a highmutation rate is
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100e1000 due to global disasters during supernova encounters and
local disasters related to the radioactive ash fall-outs from the
continental alkaline volcanism. Rapid speciation events are
observed for cichlid ﬁshes and great African apes during the last
several tens of thousand years in the current east African Rift valley
and probably occurred in the Ediacaran/Cambrian periods in the rift
valley systems, which presently occur as fragmental continental
blocks in eastern Australia, south China, and western-eastern
Canada. A high natural radiation level evoked genome instability
leading to diversiﬁcation of genes and species. High primary pro-
ductivity due to abundant phosphate in the soil and water, coupled
with a tropical climate, guaranteed rapid increases in the popula-
tion of species, as the life adapted to the ever-changing environ-
ment. Other potential candidate localities of speciation hotspots
would be the Iberian Peninsula, extreme southwest of Europe, in
Jurassic/Cretaceous and the Rio Grande Valley, southwest part of
North America, in the Neogene/Quaternary. The former is probably
related to the angiosperm radiation (around 144 Ma; Barrett
and Willis, 2001), whereas the latter to the horse radiation
(55.0e0.0117 Ma; Simpson, 1945).
The new disaster-forced biological evolution model unites
various concepts of evolution as follows: First, the phylogenic
graduation can be placed in the case that a¼ 2m/m is low enough. In
such a case, because of a low mutation rate or a high immigration
rate, the half-isolated groups remain in the stable equilibrium so-
lution in Fig. 4; in other words, they are subspecies or races that can
interbreed with the parental group. Each subspecies adapts to their
living environment through natural selection. That is exactly what
Darwin observed and described in his famous book (Darwin, 1859).
Second, the nonlinear nature of the new disaster-forced speciation
model well ﬁts the concept of “punctuated equilibrium” proposed
by Eldredge and Gould (1972). The existence of a stable solution in a
low-a case gives the theoretical basis to the stability of species
which was postulated in the “punctuated equilibrium”. When
a ¼ 2m/m becomes high enough by some reason, the rapid speci-
ation is initiated, leading to a macro-evolution. Third, it includes all
of the allo-, para-, and sympatric speciation depending on the value
of a ¼ 2m/m. In particular, according to the new model, the sym-
patric speciation is possible without geological isolation, when the
mutation rate m is as high as unity per individual per generation.
Such a sympatric speciation was suggested in small volcanic lakes
in Cameroon (Lake Barombi Mbo and Lake Berman, Table 3)．
Finally, the disaster-forced biological evolutionmodel explains why
the speciation rate is considerably high around the mass extinction
events (Raup and Sepkoski, 1982; Sepkoski, 1998; Bambach, 2006),
since they are likely to be due to the global disasters by encounters
with nebulae (supernova remnants and dark nebulae; Kataoka
et al., 2013; 2014).
The disaster-forced biological evolution model is, of course, a
working hypothesis to be proven by evidences through the sys-
tematic investigation in the speciation hot spot in the present
Earth, in other words, speciﬁcally the African Rift valley. The evi-
dences can be obtained through the following future works:
(1) Extensive surveillance of water, soils, and sediments in mineral
contents including radioactive elements and natural radiation
level of Olduvai Gorge and Lake Victoria in the African Rift
Valley.
(2) Scientiﬁc drillings of sediments in fossil sites and lakes to
reconstruct the paleo-environment including the history of
volcanic activities and the climate variation. For example, the
2005Malawi Scientiﬁc Drilling Project has been performed and
succeeded to reconstruct paleo-environment in the period of
0.145e0.06 Ma (Scholz et al., 2011). More comprehensivestudies of other lakes are important to reconstruct paleo-
environment.
(3) Whole genome analysis of the variation of all kinds of organ-
isms including animals, plant, and microorganism in African
Rift Valley to study variation of genome within to evaluate the
frequency of segmental duplication and activity level of
transposons. The similar comparative studies in the regions
with high radiation level caused by nuclear plant accidents
(Chernobyl or Fukushima) are also important.
(4) Sampling paleo-deep-marine sediments, such as found in
Paciﬁc-type accretionary complexes back to 4.0 Ga (Maruyama
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